Objective Hereditary diffuse leukoencephalopathy with neuroaxonal spheroids (HDLS) is an adult-onset white matter disease that presents clinically with cognitive, mental and motor dysfunction. Several autopsy reports have indicated that the corpus callosum (CC), the largest bundle of white matter, is severely affected in patients with HDLS. The aim of this study was to evaluate corpus callosum atrophy (CCA) quantitatively in HDLS patients. Methods We assessed CCA in six genetically-proven HDLS patients (HDLS group), in comparison with that observed in 20 patients with vascular dementia (VaD group) and 24 age-matched patients without organic central nervous system (CNS) disease (non-CNS group). Using midsagittal MR images, five measurements of the CC were obtained: the width of the rostrum (aa'), body (bb') and splenium (cc'), the anterior to posterior length (ab) and the maximum height (cd). Next, the corpus callosum index (CCI) was calculated as (aa' + bb' + cc')/ab. Results All HDLS patients had white matter lesions in the CC and frontoparietal lobes on the initial MRI scans. Compared with that observed in the VaD and age-matched non-CNS groups, the CCI was significantly decreased in the HDLS group (with VaD group, p<0.01; with non-CNS group, p<0.01). Conclusion This study showed significant atrophy of the CC in all HDLS patients on the initial MRI scans obtained 6-36 months after onset. We propose that the early appearance of CCA, frequently accompanied by high-intensity in the genu and/or splenium, on T2 images is an important diagnostic clue to HDLS.
Introduction
Hereditary diffuse leukoencephalopathy with neuroaxonal spheroids (HDLS) is an adult-onset white matter disease caused by mutations in colony stimulating factor 1 receptor [CSF1R (1) ]. HDLS is characterized clinically by cognitive, psychiatric and motor dysfunction that is frequently accom- panied by epilepsy (2) . The age of onset is quite variable, ranging from 8 to 78 years, and the mean duration of the illness has been reported to be 10 years (2) or 5.8 years (3). Due to its wide variety of neuropsychiatric symptoms and age of onset, HDLS mimics many neurological diseases, including vascular dementia (VaD), cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL), frontotemporal dementia (FTD), multiple sclerosis (MS) and multisystem atrophy [MSA (4-7)]. MRI has significant value in evaluating the distribution and degree of white matter lesions (WMLs) and is indispensable for diagnosing HDLS. Recently, Sundal et al. reported the characteristics of 20 MRI scans of 15 patients with pathologically-and genetically-proven HDLS (3). They revealed that WMLs are predominantly frontal in patients with HDLS and that WMLs extending beyond the frontal lobes indicate rapid disease progression.
They also proposed a brain MRI scoring system for evaluating HDLS that appears to be very useful for tracking the natural history of HDLS and predicting the prognosis; however, this system places more emphasis on signal changes in the white matter (total WML score 42) than on atrophy (total atrophy score 13) (3).
Since the discovery of CSF1R as the causative gene, it has become possible to make a definitive diagnosis of HDLS in the early stage of the disease (1). We recently experienced a 41-year-old HDLS patient with the K793T mutation in CSF1R (patient 2, Table 1 ) (8) . He was independent in daily life [modified Rankin Scale (mRS) 2] at the first presentation. His initial MRI scans (obtained six months after onset) showed minor WMLs within the frontoparietal lobes, corresponding to a total WMLs score of only 9/42 points on the MRI grading scale (3), however, diffuse atrophy of CC was already evident (8) . This distinctive finding prompted us to assess early CC involvement in HDLS patients in greater detail.
Corpus callosum atrophy (CCA) has been noted in the postmortem examinations of advanced HDLS patients with diffuse widespread WMLs and severe brain atrophy (9) (10) (11) (12) (13) (14) .
Sundal et al. reported that CC involvement is frequently observed in HDLS patients on initial MRI scans, with the disease duration ranging from 0.5 to 5.0 years (3); however, in that study, CCA was roughly evaluated according to either its 'presence' or 'absence.' Therefore, in this study, we assessed MRI scans quantitatively to evaluate CCA in HDLS patients, especially in the early stage of disease without the presence of widespread WMLs on MRI.
Materials and Methods

Subjects
We examined 10 brain MRI scans of six HDLS patients (four men and two women; age at MRI scan: 29-57 years; mean age±standard deviation, 47.3±9.3 years) ( Table 2) . Mutations in CSF1R were identified in all patients. Three patients (patients 1, 3 and 4) had a family history consistent with autosomal inheritance (15) , and two patients (patients 2 and 6) were confirmed to carry a de novo CSF1R mutation. One patient (patient 5) with a CSF1R mutation also had an affected brother; however, detailed information on their parents was not available. The detailed clinical information of the six HDLS patients is summarized in Table 1 .
When enrolling patients with VaD, we adopted the guidelines of the National Institute for Neurological Disorders and Stroke-Association Internationale pour la Recherche et l'Enseignement en Neurosciences [NINDS-AIREN (16)]. We reviewed the medical records at our institution from April 2007 through March 2011. A diagnosis of VaD was made in patients fulfilling both the probable VaD criteria in the NINDS-AIREN and the following additional requirements: 1) an age under 80 years, 2) no family history of neurological or psychiatric diseases, 3) midsagittal MR images available for measurement. We ultimately identified 20 consecutive patients with VaD (11 men and nine women; age at MRI scan: 42-79 years, mean 68.5±7.9 years). The degree of clinical disability at the time of the MRI scan was assessed in the HDLS and VaD groups using the mRS defined by Sulter et al. (17) .
The age-matched control group without organic central Table 1 , 41-year-old man). nervous system diseases (non-CNS group) included 24 patients (15 men and nine women; age at MRI scan: 29-73 years, mean 49.9±13.8 years). Their diagnoses were as follows: myasthenia gravis (n=6), psychosomatic disorder (n= 5), benign paroxysmal positional vertigo (n=3), GuillainBarré syndrome or Fisher syndrome (n=3), spinal canal stenosis (n=2), spinal cord tumor (n=2; able to exclude multiple sclerosis), brachial plexus neuropathy or neuralgic amyotrophy (n=2) and facioscapulohumeral muscular atrophy (FSH) (n=1). Brain MRI was conducted to rule out intracranial lesions in these patients. None of the patients had WMLs on MRI, except for a small amount of lacunar infarctions.
MRI assessments
The brain MRI scans of the VaD group and non-CNS group were performed in our hospital with a 1.5 Tesla Magnetom Avanto scanner (Siemens AG, Erlangen, Germany). T1-weighted images were obtained using a spin-echo technique (TE=12-26 ms, TR=250-500 ms, slice thickness=3-4 mm). The scans of the HDLS patients were performed in four different hospitals, patients 1-4 being examined using the same scanner as at our hospital (1.5 Tesla Magnetom Avanto, using the same acquisition protocol as the other groups). All of the MRI scans were measured independently once each by one of the authors (YK) and two additional examiners (YT and KT) who were blind to the clinical information, including the diagnoses and ages of the patients. All measurements were obtained using a computerized measurement tool on screen on a picture archiving and communication system (PACS) workstation. We measured the corpus callosum using midsagittal T1-weighted images according to previous reports (18) (19) (20) . Five measurements of the CC were obtained ( Fig. 1) : the width of the rostrum (aa'), body (cc', abbreviated as B) and splenium (bb'), the anterior to posterior length (ab, abbreviated as L) and the maximum height (cd, abbreviated as H). The corpus callosum index (CCI), which has been reported to be a marker for brain atrophy in MS patients (18, 19) , was calculated as (aa'+bb'+cc')/ab. The ratios B/L and B/H were also calculated. The Evans index (the maximum distance between the two anterior horns/the maximum transverse inner diameter of the skull at the same level) was measured using axial T1-weighted images. A comparison between the three investigators' evaluations of each indicator of the CCA and the Evans index was made with the intraclass correlation coefficiency (ICC) and internal consistency using Cronbach's alpha coefficient. In addition, we assessed the severity of WMLs and brain atrophy according to the MRI grading system proposed by Sundal et al. (3) .
Statistical analysis
The statistical analysis was carried out using the nonparametric Mann-Whitney U-test to compare the indicators of CCA (aa', bb', cc' (B), ab (L), cd (H), BL, BH and CCI) and the Evans index between the HDLS group and each control group. We considered p values of <0.05 or less to be statistically significant. 
Results
All patients with HDLS had WMLs in the CC and frontoparietal lobes ( Fig. 2; Table 2 ). The WMLs extended to the temporal lobes in three patients. The total MRI severity scale for HDLS (3) ranged from 9 to 33 ( Table 2) . As the disease progressed, volume loss of the cerebral white matter became evident. None of the patients had high-intensity signals in the temporal tips or external capsules. Four patients (seven scans) were screened for cerebral microbleeds using T2*-weighted images; however, no such bleeding was detected, whereas 11 of the 12 patients (91.7%) examined in the VaD group had cerebral microbleeds.
Hyperintense signals and atrophy in the CC were detected on all 10 MRI scans in the six patients ( Fig. 2 ; Table 2 ). The CCI was significantly decreased in the HDLS group (0.210±0.050) compared with that observed in the VaD group (0.289±0.050) (p<0.01) and age-matched non-CNS group (0.371±0.056) (p<0.01) ( Fig. 3 ; Table 2 ). The B/H index (cc'/cd in Fig. 1 ) was also significantly reduced in the HDLS group (0.093±0.024) compared to that observed in the VaD group (0.169±0.039) (p<0.01) and non-CNS group (0.208±0.039) (p<0.01). Similarly, the B/L index (cc'/ab in Fig. 1 ) was significantly reduced in the HDLS group (0.040±0.009) compared to that observed in the VaD group (0.065±0.011) (p<0.01) and age-matched non-CNS group (0.079±0.014) (p<0.01). The Evans index, an indicator of lateral ventricle dilatation, was significantly larger in the HDLS group (0.331±0.034) than in the VaD group (0.272± 0.026) (p<0.01) or non-CNS group (0.246±0.022) (p<0.01). The inter-rater reliability and internal consistency of the total measurements were almost good (ICC=0.755-0.951; Cronbach's alpha=0.907-0.986) ( Table 3) . 
Discussion
The occurrence of CCA with WMLs has been reported in some demential disorders, such as VaD, including Binswanger's disease, and CADASIL, MS and leukodystrophies, including HDLS. This was a quantitative study conducted to understand CC involvement in HDLS itself, and the aim was not primarily to compare the disease with the occurrence of CCA in VaD for diagnostic purposes to distinguish it from HDLS. We selected a VaD group as a control simply because VaD is the most common and representative disease involving CCA with WMLs.
Due to their clinical and neuroradiological similarities, it is sometimes difficult to differentiate between HDLS and other diseases involving CCA with WMLs, especially in the early stage of the disease. The lack of a family history does not preclude the possibility of HDLS, as several sporadic patients who fulfill the clinical and neuropathological criteria for HDLS have been reported (4, 5, 8, 21) . Furthermore, the occurrence of HDLS due to a de novo CSF1R mutation has hitherto been confirmed in two families in which the parents of the patient had no mutations of interest (1, 8) , and one such family was newly added in this study (patient 6). The most reliable method of discriminating HDLS is currently genetic testing for CSF1R. Because genetic testing for CSF1R is not presently commercially available, identifying laboratory or neuroradiological hallmarks of HDLS is of value in order to select candidates for further processing to genetic testing.
Recently, Sundal et al. reported that 14 of 15 patients exhibited CC involvement (the disease duration at the initial MRI study ranged from 0.5 to 5.0 years). The CC involvement included atrophy (eight patients), T2 and FLAIR high signal intensity (11 patients) and both atrophy and signal changes in the CC (five patients) (3) . These data appear to indicate that hyperintense signals and atrophy in the CC are not correlated with each other. This may be partly because CCA was evaluated using a score of 0 (absence of atrophy) or 1 (presence of atrophy). Therefore, we evaluated CCA quantitatively in this study.
As to data regarding the measurement of CC in healthy Japanese subjects, Takeda et al. reported CC measurements in 205 Japanese individuals without CNS disorders (94 men, mean age: 57.3±20.8 years; range: 6-90 years; and 111 women, 61.2±17.6 years; range: 9-86 years). These values are similar to those of our study, including the widths of the rostrum (aa'): mean ± SD 9.91±1.82 (our non-CNS group, 10.16±2.08), body (bb'): 5.58±1.08 (5.64±1.05), splenium (cc'): 9.94±1.56 (10.61±1.81) and anterior to posterior length (ab): 69.7±4.24 (71.14±4.24), although there was a difference in the range of ages between the two studies. In another study, the CC measurements of 15 Japanese healthy men (mean age: 56.2±6.9) were reported as follows: aa': 10.6±1.4, bb': 5.3±1.1, cc': 10.4±1.4 and ab: 72.7±8.5 (22) . These data were also very close to those of our measurements, as well as the ranges of ages, in the non-CNS group. In addition, the CCI was 0.362 when calculated using the mean data for the trial (our non-CNS group: 0.371±0.056). These results support the reliability of the CCI data for our non-CNS group, in spite of the limitation in the number of cases.
In our study, all of the patients had abnormal hyperintensive signals in the CC on their initial MRI scans (disease duration ranging from six to 36 months). Furthermore, the CCI was significantly decreased when compared with that observed in the VaD and age-matched non-CNS groups. In this study, the mean age at MRI in the VaD group (68.5 years) was much higher than that noted in the HDLS group (47.3 years). Takeda et al. showed that the widths of the rostrum (aa'), body (cc', B) and splenium (bb') of the CC decrease with age in normal Japanese individuals (20) . Conversely, the maximum height (cd, H) and anterior to posterior length (ab, L) gradually increase with age. These data indicate that the CCI, B/H and B/L decrease with age. Taking the difference in the mean age between the HDLS and VaD groups into consideration, we can say that the decreases in the CCI, B/H and B/L in the HDLS group were conspicuous compared with those observed in the VaD group.
In addition, the CCI observed in the HDLS patients was much less than that at diagnosis in the MS patients (0.345± 0.04; mean age 42±11 years, n=169) reported by Yaldizli et al. (19) . Therefore, we think that CCA should be monitored more carefully in HDLS patients.
The LADIS study indicated that CCA is associated with cognitive decline that coexists independently with white matter hyperintensity and stroke (23, 24) . In particular, overall CCA is correlated with the slowing of processing or mental speed (23, 24) . In patients with HDLS, frontal lobe signs and symptoms are frequently observed in the early stage of the disease. This is consistent with the observation of Sundal et al. that WMLs are predominantly frontal (3), as supported by the findings of this study. Additionally, it is possible that the early involvement of the CC contributes to the psychomotor dysfunction observed in HDLS patients.
CCA is observed in elderly persons, as well as in patients with cerebrovascular and neurodegenerative diseases (25) (26) (27) (28) (29) (30) (31) . Several underlying mechanisms for CCA have been postulated (25) (26) (27) (28) (29) (30) . In Alzheimer's disease patients, CCA primarily reflects the loss of the corresponding cortical neurons (Wallerian degeneration hypothesis) (26, 28, 29) and/or age-related myelin breakdown (retrogenesis hypothesis) (28, 29, 32) . Conversely, in patients with cerebrovascular diseases, CCA is closely related to cerebral WMLs (26, 27, 31) , assuming that ischemic damage causes focal edema and inflammation with subsequent axonal disruption (26) . The mechanism underlying the development of CCA in patients with HDLS is likely to be different from that observed in those with Alzheimer's disease or cerebrovascular disease because CCA develops in the earlier stage of the disease and progresses more rapidly in HDLS.
HDLS is neuropathologically characterized by the extensive loss of myelin sheaths, axonal destruction and the presence of numerous axonal spheroids, pigmented macrophages and astrogliosis (2, (9) (10) (11) (12) (13) (14) . These changes were clearly observed in the centrum semiovale of the cerebral white matter in one of our patients (patient 2) (8). That patient died of sepsis caused by severe intestinal infection at age 41 in the early stage of the disease (mRS3). Macroscopically, the CC was diffusely thin (data not shown). Histologically, the localized portion of the splenium of the CC that exhibited T2 and FLAIR high signals on MRI demonstrated a severe loss of myelin and axons with axonal spheroids, as seen in the centrum semiovale. This is a primary pathological process of axonal disruption in HDLS. On the other hand, the basic structure was relatively preserved in the other parts of the CC, where the number of axons was decreased; however, the findings of tissue destruction, including localized myelin loss, disarrangement of axons and the presence of spheroids and activated macrophages, were quite mild. This likely reflects a secondary change due to axonal damage in the proximal parts of the commissural fibers. CC involvement in HDLS patients is therefore considered to be caused by these combined pathological processes. Additionally, ischemic changes, including small infarcts and microvascular fibrohyalinosis, were almost absent in the entire CC; therefore, the pathologic mechanism appears to be basically different between HDLS and cerebrovascular disease.
The present study is associated with several limitations. First, the number of HDLS patients was very small. The incidence of HDLS in the Japanese population remains unknown because genetic testing for CSF1R has only recently been introduced into clinical practice, and genetically-proven cases are very small in number at present. Second, the patients in the VaD group in this study were rather heterogeneous because this was a retrospective study. The mRS of the VaD group (2.75±0.89) was not significantly different from that of the HDLS group (3.30±1.10); however, the cognitive function levels varied from subnormal to severe dementia in the VaD group. As judged according to the mRS, cognitive, mental and motor dysfunction was variable in both the HDLS and VaD groups; therefore, it was not possible to make MRI comparisons between these two groups after adjusting for the clinical status. Third, there was overlap in the values of the CCI between the HDLS and VaD patients; therefore, we were unable to present any diagnostic cutoff values for distinguishing HDLS from VaD.
In conclusion, despite the several limitations described above, our quantitative neuroimaging study clearly showed the presence of CCA on the initial MRI scans (6-36 months after disease onset) in HDLS patients. Our findings suggest that the presence of CCA on MRI frequently accompanied by high intensity in the genu and/or splenium on T2 and FLAIR images is a useful finding indicative of HDLS.
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